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ELECTRON COLLISION CROSS SECTIONS I N  METAL VAPORS 

BY 

J. F. Nolan 

ABSTRACT 

The Townsenda coefficient and electron drift velocity have 

been measured in cesium-helium mixtures as a function of E/p, the ratio 
of electric field to total pressure, and N cs / "e, the ratio of cesium to 
helium density. By comparing the measured values with the results of a 
numerical solution of the Bolt- equation using assumed cesium cross 
sections, one obtains cross sections consistent with the measurements. 
A total excitation cross section for cesium having a peak value of 
1.15 x 10-14m2 at 8 eV gives good agreement with experiment. 



The Tawnsenda coefficient and the electron d r i f t  velocity 

have been measured i n  cesium-helium mixtures of various concentrations. 

These transport coefficients are measured as a function of E/p, the r a t i o  

of the applied e l ec t r i c  f i e l d  t o  the total  pressure, and a l so  as a function 

of NCs/",, the r a t i o  of cesium t o  helium density. From an analysis of the 

behavior of the transport coefficients as a function of E/p, it i s  possible 

t o  deduce the col l is ion cross section fo r  electrons i n  the gas mixture as a 
function of electron energy. The analysis involves a numerical solution 

of the Boltzmann transport equation, so t h a t n o  a p r i o r i  assumptions about 

the shape of the electron energy distribution function a re  required. 

l o w  density ra t ios  (Ncs/%e C 

in pure helium a t  1uw E/p, indicating that at these l o w  density ra t ios  

e l a s t i c  coll isions between electrons and cesium atoms do not have a significant 

effect .  However, the Tawnsenda coefficient is more than an order of magnitude 

larger than i n  pure helium, indicating that ine las t ic  coll isions with cesium 

atoms a re  important even at  those law density ratios.  The Townsenda coefficient 

data has been analyzed t o  give a total  excitation cross section fo r  cesium 

consistent with these measurements and with previous measurements of the cesium 

ionization cross section. 

1.15 x 

indicate t h a t  a t  higher density ra t ios  (N 
between electrons and cesium at- should cause the d r i f t  velocity to depart 

s ignif icant ly  from the value characterist ic of pure helium; attempts t o  measure 
the d r i f t  velocity under these conditions have so far been unsuccessful. 

For 

the d r i f t  velocity is the same as t h a t  

A n  excitation cross section with a peak value of 
Calculations 

2 lo"), elastic coll isions 

a t  8 e V  gives good agreement with experiment. 

/ cs %e 
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I. INTRODUCTION 

Electron swarm techniques have been successfully applied in recent 
years to obtain elastic and inelastic cross sections for electrons in gases. 
The technique involves a measurement of same transport coefficient (such as 
drift velocity, diffusion coefficient, or Tawnsend a coefficient) as a function 
of E/p, the ratio of the applied electric field to the total pressure. 
the conditions of these measurements, the electrons are not monoenergetic, but, 
for a given value of E/p, will have a distribution in energy characterized by 
some mean energy. The form of the electron energy distribution function will 
depend on the energy dependence of the cross section for the dominant collision 
process or processes, and may differ radically from a Maxwellian distribution. 
In general, however, the =an energy of the electrons will increase as E/p 
increases, so that by measuring a transport coefficient over a range of E/p, 
one may obtain information on the collision cross section over a range of 
electron energy. 
through an average over the distribution function, if one wants to obtain 
information on the monoenergetic cross section, it is necessary to know the 
shape of the electron energy distribution function. 
however, one doesn't know the shape of the distribution function 5 priori, 
since this depends in part on the cross section one is trying to obtain. 
out of this difficulty is suggested by the consideration that if one knew the 
cross section as a function of electron energy, it would be possible to calculate, 
through the Boltzmann transport equation, the electron energy distribution 
function for any value of E/p, and therefore one could calculate any transport 
coefficient as a function of E/p. 

Under 

Since the transport coefficient depends on the cross section 

As has been pointed out, 

A way 

This is the method used to obtain cross 
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sections from transport coefficients; i.e., one assumes values for the 
unknown cross section as a function of electron energy and uses this cross 
section to compute the transport coefficient as a function of ~/p. 
then compares the calculated values of the transport coefficient with the 
measured vaiues, and adjusts the magnitude and energy variation of the initially 
assumed cross section until the calculated transport coefficient is brought 
into agreement with the measurements. 
dependent cross section which is consistent with the transport coefficient 
measurements without making any 2 priori assumption about the shape of the 
electron energy distribution function. In principle, the cross section arrived 
at in this way is not unique; in practice this lack of uniqueness reduces to 
a question of energy resolution, and the degree of energy resolution of the 
cross section may be specified quantitatively. 

m e  

In this way one can arrive at an energy 

Such techniques have been used to obtain l a w  energy collision cross 
4-6 sections for electrons in the noble and in certain diatomic molecules. 

Also, recent measurements in this laboratory have indicated that similar techniques 
can be used to obtain cross sections in metallic vapors by working with a mixture 
of a rare gas and the metal vaporO7 During the present program, these 
measurements have been extended to obtain infornration on the electron-cesium 
cross section. 
measurements in pure cesium vapor at high pressures. 
corrosive effects of cesium vapor on many canponents of a vacuum system, 
particularly on electrical insulators, it is much more feasible to work with a 
mixture of cesium and a rare gas. 

mixtures of cesium and helium of relatively low cesium to helium density ratios. 
The Tawnsend(y coefficient and the electron drift velocity have been measured 

In principle, m e  could obtain the cesium cross section by making 
However, because of the 

Consequently, measurements have been made in 
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i n  cesium-helium mixtures as a function of E/p and a l so  as a function of 

the r a t i o  of cesium t o  helium density. The Tawnsenda coefficient *c s/”e , 
measurexents have been rrnalyzed t o  give the t o t a l  excitation cross section 

for  cesium fram threshold up t o  10 eV. 
good igreement with some recent theoretical calculations and i n  reasonably 
good agreement with the recent measurement of the cross section for  6S+6P 

resonance excitation measured by optical techniques. 

that fo r  Ncs/I$&10-2, the electron d r i f t  velocity should d i f f e r  

s ignif icant ly  from t h a t  in pure helium, due t o  the e f fec t  of elastic coll isions 

between electrons and cesium atoms. 
lower density ra t ios  give resu l t s  i n  good agreement with the previously measured 

values in pure helium, as expected. Although attempts t o  meaaure the drift 
velocity a t  density r a t i o s 2  loo2 have not yet  been successful, the method 

appears feasible  and work is continuing in this direction. 

The cross section so obtained is i n  

Calculations indicate 

Measurements of the d r i f t  velocity at 
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11. APPARATUS 

The vacuum system used for these measurements is shown schematically 
in Figure 1. 
(designated main oven in Figure 1) and operates at an elevated temperature. 
Figure 2 shows a photograph of the systemwith the main oven in place; Figure 3 
is a photograph of the system with the main oven removed. The system as it 
presently stands has been slightly modified from that shown in Figure 2 and 
Figure 3. 
consisted of a U tube, has been changed to a larger diameter tube closed off at 
one end (as shown in Figure l), and the mechanism for initial introduction of the 
alkali metal into the system has been placed inside the main oven. 

Under normal operation part of the system is contained in an Oven 

The main difications are that the alkali reservoir, which previously 

The portion of the system outside the Oven is constructed mainly of 
glass. The main components in this part of the system are a Bayard-Alpert 
ionization gauge for measuring the residual pressure, a null-indicating capacitance 
manometer for measuring high pressures (greater than 1 Torr), and a double valved 
line to a supply of high purity helium. 
of the system is operated at room temperature. 

Except for initial bake-out, this part 

The portion of the system inside the oven is constructed mainly of 
stainless steel. 
in the range 250' to 35OoC. 

the drift tube, where the measurements are made, the mechanism for introducing 
the alkali metal to be studied into the system, and a valve for isolating the 
drift tube from the rest of the system. During operation, the alkali metal is 
contained in a closed-off stainless steel tube which extends below the base of 
the main oven into a temperature bath, designated as the reservoir oven in Figure 1. 

Typically, this part of the system is maintained at a temperature 
The part of the system inside the main oven contains 
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8 

When the isolating valve is closed, the alkali vapor pressure in 
the drift tube determined by the temperature of the reservoir bath. The 

reservoir consists of a bath in which the fluid is a silicone oil for operation 
to temperature up to 250°C, and a liquid netal (tin-lead eutectic) for operation 
at higher temperatures. 
vertically to enclose the reservoir tube. 
alkali metal out into the reservoir tube by using an ice or liquid nitrogen 
bath. 
of a U-tube with a by-pass valve instead of the present closed off tube. 
design has been changed to the present version to reduce the length of the tubing 
connecting the reservoir to the drift tube, since the ti= required for an 
equilibrium alkali vapor-rare gas mixture to be attained is quite long. 

The reservoir bath rests on a support which can be llloved 

It is also possible to freeze the 

In an earlier version of the system, the alkali metal reservoir consisted 

The 

The isolating valve is an all metal, high vacuum valve with a stainless 
steel body and a copper nose. 

350°C. 
of a stainless steel cylinder which encloses a glass ampule containing the 
alkali metal. 
is good enough (C lom8 Torr), the glass ampule is broken by forcing its break-off 
tip against a metal post inside the system. 
bellows in the stainless steel cylinder. 
tube is cooled to a temperature lower than that of any other part of the system 
(an ice bath at 0°C is used) so that the alkali metal will condense into the 
reservoir. 
hill, so that the transfer of the alkali from the break-off mechanism to the 
reservoir is assisted by gravity. 

It is capable of operating at temperatures above 
The mechanism for introducing the alkali metal into the system consists 

After the system has been baked out so that the residual vacuum 

This motion is made possible by a 
When the ampule is broken the reservoir 

The path from the break-off mechanism to the alkali reservoir is down 
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The drift tube is contained in a stainless steel vacuum jacket, which 
Figure 4 shows a photograph of the drift may be seen in the right of Figure 3. 

tube with the vacum jacket removed. 
two parallel plate electrodes made of advance (nickel-copper alloy). 
the electrodes has a guar6 ring around the outside t o  ensure that the applied 
electric field is uniform in the central region. The split structure of this 
electrode may be seen in Figure 5, which shows a photograph of the electrode 
region of the drift tube. Electric fields are applied by applying a voltage 
to the unguarded electrode (hereafter called the cathode). 
to the central disc of the guarded electrode (hereafter called the anode). 
spacing between the two electrodes can be continuously varied between 0.05 and 
1 cm through a bellows arrangement in the vacuum wall. The bellows is partially 
visible in Figure 4. 
assembly outside the vacuum wall. 
of electrode spacing by measuring the spacing between the electrodes with a 
cathetometer while the tube was encased in a glass envelope and evacuated to 
the operating pressure. The materials used for electrical insulation in the 
drift tube were single crystal sapphire and high purity polycrystalline aluminum 
oxide . 

The main elements in the drift tube are 
One of 

Currents are measured 
The 

The spacing was controlled through a micrometer drive 
The drive assembly was calibrated in terms 

For measurements of the Tawnsend a coefficient, only dc fields were 
required, and the electronic circuitry for these measurements was quite simple. 
A regulated dc voltage supply was connected between the cathode and ground. As 

will be seen, the anode was always very nearly at ground potential, so the 
applied field was given by the applied voltage divided by the spacing between 
electrodes, The polarity of the applied voltage was reversible, so that thea 
coefficient could be measured with electrons flowing in either direction. The 
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voltage supply w a s  capable of providing voltages up t o  1000 volts. 

for  the conditions under which the measurements w e r e  made, the breakdown voltage 

of the gap was  always less than 1000 volts, so that the largest  value of the 

voltage applied w a s  determined by the breakdown character is t ics  of the gap. 

Since the value of the breakdown voltage depends on the electrode spacing and 

the cesium and h e l i u m  pressure, it changed as these parameters were varied. 

A typical value was 200 volts. The dc voltage supply w a s  equipped with an 

automatic cut-off such that the applied voltage w a s  removed i f  the  current became 
-2 as large as LO 

surfaces from high currents flawing a t  or near breakdown. 

However, 

amperes. This w a s  desirable t o  prevent damage t o  the electrode 

The d e  current w a s  measured by measuring the voltage developed 

across a known precision load resis tor  connected between the anode and ground. 

This voltage w a s  always less than a few mill ivolts,  and w a s  usually i n  the 

microvolt region. 

the anode could be considered t o  be a t  ground potent ia l  fo r  purposes of calculating 

the applied f ie ld .  

measuring the anode current was to allow for  the possfbi l i ty  of measuring the 

current under conditions of very low source impedance by normal standards. 

Because of the presence of cesium i n  the system, the leakage resistance between 

the anode lead and ground w a s  of the order of lo4 - 10 

leakage resistances usually encountered. 

as l o w  as 10 amperes. 
capable of measuring currents i n  this range and much smaller, such an instrument 

could not be used in the present case because of the low source impedance. For 
8 example, a typical c-rcial low current ammeter b s  an input resistance of 10 

ohms on the ampere range. A leakage r e s i s w c e  of 10 ohms would effect ively 

Since the applied voltage w a s  always greater  than 1 volt, 

The reason fo r  using the voltmeter-resistor combination fo r  

6 o b ,  much lower than the 

The current measured a t  the anode w a s  
Although low current aiPaPeters are available which are -11 

4 
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short  out such an instrument, so t h a t  i t  could not be used t o  measure l aw 

current. 

r e s i s to r  i n  the present arrangement is sensitive t o  voltages as small as 10 

volts, so that a current of 

of 100 ohms. 

The voltmeter used to  measure the voltage developed across the load 
-9 

amperes can be detected i n  a load resistance 

In  the measurements of d r i f t  velocity, a voltage square wave of 

variable amplitude and frequency was applied t o  the cathode of the  d r i f t  tube. 

The c i rcu i t ry  used i n  the d r i f t  velocity measurements i s  shown i n  block diagram 

form i n  Figure 60 

frequency desired fo r  the square wave applied t o  the tube. 

converted in to  a square wave at  half-frequency. 

w a s  required i n  order t o  maintain good t i m e  symnetry of the square wave over 

the en t i r e  frequency range ( 5  KC t o  2 BE)* 
two stages of amplification and was fed through a cathode follawer in to  the 

cathode of the d r i f t  tube. 

tube due t o  capacitive coupling of the cathode w a v e  form across the tube, a 
portion of the  cathode wave form i s  inverted and fed through a variable impedance 

(designed ac bridge i n  Figure 6 )  t o  the anode. This adjustment w a s  not critical; 

i.e., the coupling was always small, and i n  most cases was negligible. 

A sine w a v e  generator produced a s ine wave of twice the 

This was then 

This conversion from 2f t o  f 

The square wave then went through 

To minimize the ac signal on the anode of the d r i f t  

The rise t i m e  of the square wave  ( to  90% of f u l l  amplitude) w a s  about 

30 n sec. 

a dc potential  (negative with respect t o  ground) t o  the cathode c i r cu i t  of the 

cathode follower i n  series with the cathode resis tor .  

of the square w a v e  the cathode-follower tube does not conduct, so that the bottom 

of the square w a v e  is set a t  the potential of the dc source, which is monitored by 

a dc voltmeter. 

The voltage of the negative half of the square w a v e  w a s  set by applying 

During the negrative portion 

The square wave applied t o  the d r i f t  tube is taken from a variable 
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portion of the cathode resistor. 
volts. 
wave with respect to its lowest voltage. 
wave set at -V volts, a reading of V on this meter insures that the square wave 
has total amplitude PV, with equal positive and negative ampPitudes vfth respect 
to ground. 
have good time synrPetry and be free from any significant distortion. 
checked by observing the wave form on a cathode-ray oscilloscope. 
was time synmetric t o  within 3% for all frequencies. 
from the relation E = V/d where V is half the total square wave voltage and d is 
the distance between electrodes. 

The amplitude could be varied between 0 and 50 
An additional dc voltmeter monitored the average voltage of the square 

With the negative portion of the square 

A condition on the preceding statersent is that the square wave should 

This was 
The square wave 

The field E was computed 

In the drift velocity measurements, it was also necessary to measure 
the average anode current; this was done by measuring the voltage developed across 
a known load resistor, as in the Twnsenda coefficient measurements. 
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111. mmm 

A. Townsend a Coefficient 

For a uniform dc e l ec t r i c  f i e l d  applied between parallel plates, 
8 the prebreakdawn current as a function of distance is given by 

where Io is the i n i t i a l  current at x = 0, x i s  the distance f ran  the electrode 

which acts as a current source, xo is related t o  the distance which electrons 

must travel before an equilibrium velocity dis t r ibut ion is attained, 8 is a 
generalized coefficient referring to electron production due t o  secondary 

processes, a n d a  is the Townsenda coefficient. 

mean f r ee  path and, fo r  the high pressures used in the present measurements, 
may be safely taken as zero. If, in addition, secondary processes are not 

important, the above reduces t o  

xo is related to  the electron 

I (XI  = Io exp (cr x) (2) 

so that a may be obtained by measuring I/Io as a function of X. 

one may determine whether or nbt secondary processes are important by plott ing 

i n  (I/Io) versus x. If secondary effects  are important, the curves w i l l  bend 

upward; i f  not, s t ra ight  lines w i l l  be obtained. 

Experimentally, 

In the present case the initial current is supplied by thermionic 

emission from the cesium coated electrodes at  the equilibrium temperature of 

the tube (- 3OoOC). 

current may be observed in either direction simply by reversing the polar i ty  

Since both electrodes are emitting, the prebreakdown 
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of the applied e lec t r ic  f ie ld .  
d i rec t ly  i n  most cases, since a t  t h e  high pressures used fo r  the measurements 

there is a s ignif icant  amoupt of back diffusionj i.e., S- of the emitted 

electrons undergo col l is ions with the gas molecules i n  the iDmrediate v ic in i ty  

of t M  edttfiig stirface a d  are  reflected back ta it. 
f i e l d  is increased, back diffusion becanes less important, but i n  most gases 

ionization build-up sets i n  before the i n i t i a l  current reaches Ioj i.e., 
ordinar i ly  there is no def in i te  plateau i n  the I versus E curve for  a given 

spacing. In  cases w h e r e  it is not possible t o  measure Io directly,  one can 

obtain the Townsend a coefficient by measuring I/Ic as a function of distance, 

where IC is the current a t  some l w  value of E/p w h e r e  there is no ionization 

The in i t ia l  current, Io, cannot be measured 

As ehe applied e iec t r i c  

build-up. IC is  some 

so that, from Eq. (2) 

a n d a  may be obtained 

(3) 

constant f ract ion of Io; i.e., 

IC = c Io 

ve have 

I (XI = G / C )  IC exp dcz XI (4) 

f r an  graphs of tn (I/Ic) versus X. Also, by extrapolating 

the l ines  t o  (LX E 0, I / C  may be obtained, so that one can i n  this way get  an 
indirect  measur-nt of Io.’ It should be noted tha t  the only reason fo r  

measuring IC is t o  guard against the poss ib i l i ty  that Io may change during 

the t i m e  required t o  -sure I a t  different values of x; i f  I does not change, 

(r may be obtained by s h p l y  measuring I as a function of distance. In the 

presen~ueasurements i t  was found that there w a s  no signif icant  change i n  IC 

a t  a given E/p. 

o f a  so that one could be sure that no errors  were introduced due t o  changes i n  

Io during the course of a run. 

0 

Nevertheless, b o t h  IC and I were measured fo r  a l l  determinations 
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The procedure used i n  taking measurements w a s  t o  f i r s t  measure 

the current at  a given spacing as the applied voltage w a s  varied from zero 

up to  near the breakdawn voltage; then change the spacing and repeat. 

the data obtaimd a t  several spacings w e r e  plotted versus E/p, the result ing 
curves were cofncident fo r  low Ejp. This allowed one t o  pick a value of E/p 

appropriate fo r  measuring I i.e., a value low enough so that there w a s  no 
ionization build-up. In a l l  cases it w a s  found that there w a s  no ionization 

build-up at  E/p300 = 1.0 Volt/cm-Torr (where p300 is the to t a l  pressure 

normalized t o  a temperature of 3OO0K), and IC w a s  measured a t  this value of 

E/p300. 
I is the current a t  some higher value of E/p 

occurs. 

versus x curves or, alternatively, from the slope of tn (I/Io) versus x curves, 

w h e r e  Io w a s  obtained by extrapolating 

explained previously. 

several values of E/psw. 

pressure of p 
It w i l l  be observed t h a t  the curves are linear, indicating that secondary 

processes are not important, so t h a t a  may be obtained from the slope. 

an (I/I ) versus x curves were found t o  be l inear i n  a l l  cases except for  

some measurements made a t  high values of E/p 3oo (E/p300- 4.0 volts/cm-Torr), 
where some curvature w a s  observed. As a check, the data w a s  also reduced 

using a method due to  Gosseries" which gives an unambiguous value of a regardless 

of the magnitude of Y , the secondary coefficient. 

i n  this analysis agreed with those obtained from the slope of I n  (I/Io) versus 

x curves t o  within a few percent. 

When 

C; 

Then the r a t i o  I/Ic w a s  measured as a function of the spacing, where 

The Townsend a coefficient w a s  then obtained from the slope of #XI (I/Ic) 

w h e r e  ionization build-up 300' 

(I/Io) versus x curves t o  zero, as 

Figure 7 shows sample curves of Bn (I/Io) versus x for  

This data w a s  obtained with a t o t a l  normalized 
-5 = 169 Torr and cesium to  helium density r a t i o  of 9.0 x 10 . 300 

The 

0 

The values of a obtained 
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B. D r i f t  Veloci ty  

The rprethod used t o  measure the d r i f t  velocity is a modification of 

an ac technique develaped originally by Rutherford” fo r  the measureraeat of iaa 
d r i f t  velocities and used by Loeb” and Wahlin13 fo r  electrons. 

features of the method are i l lus t ra ted  schematically i n  Figure 8. 

the operation of the d r i f t  tube i n  the d r i f t  ve loc i ty  measurements, suppose 

that there is a steady source of electrons at  the p la te  shown a t  the l e f t  

(the cathode) and a voltage square w a v e  is applied t o  this electrode. 

right-hand electrode (the anode) is very near ly  a t  ground potential, as explained 

previously. 

direction such that electrons do not d r i f t  across the tube. 

half-cycle, the electrons drift: from the cathode toward the anode, and two cases 

can be distinguished. 

is  less than 9, the electron d r i f t  t i n s  across the gap. 

direction of the f i e l d  reverses before the electrons reach the anode, and i n  the 

posit ive half-cycle they d r i f t  back toward the cathode. 

have a dc meter in the anode circuit, the induced currents cancel out and the 

average current I is zero. 

The essential 
To understand 

The 

For the posit ive half-cycle of the square wave, the f i e l d  is i n  a 

For the negative 

First ,  suppose that the half-period T of the square w a v e  
In this case the 

It is clear that i f  we 

I f  T is  greater than 7, the f i e l d  acts i n  the r ight  direction long 

enough t o  allow some electrons t o  reach the anode, and there w i l l  be a non-zero 

dc anode current. 

magnitude of the average current collected at  the anode is the charge collected 

during the t i m e  T - T divided by the period of the square w a v e  2T, i.e., 

If the current available from the cathode is io, the 

In  terms of the frequency f of the applied square wave, w e  have 



and 

It is seen that i f  the average current is plotted as a function 

of the frequency, a curve! is obtained (as shown i n  Figure 8) which decreases 

l inear ly  up t o  the point where T a i  and is  zero thereafter. 
frequency, the break in  the  curve occurs at  a frequency given by f P 1/27, 

By this means it is possible t o  measure the electron d r i f t  t i m e  T by observing 

the break point i n  the current ver8us frequency curveis. 
distance then enables ome to  obtain the d r i f t  velocity. 

In terms of 

Knowing the d r i f t  

The description just given is a simplification of the actual 

experimental s i tuat ion i n  two respects. 
The main e f fec t  of diffusion is t o  round off the sharp break indicated by the 

current versus frequency curve s h m  i n  Figure 8, since sune electrons d r i f t  

across i n  the less than T and others i n  t i m e  greater than T .  

t he  actual experimental situation, both electrodes ac t  as sources of electrons. 

The electrons are obtained by thermionic emission from the two electrodes a t  
the  equilibrium temperature of the tube, which is of the order of 30OOC. If 
the thermionic emission from the two electrodes were exactly equal, there would 

be no variation i n  signal with frequency. 

electrodes are not exactly equal, the thermionic emission currents are different.  

The temperature of the anode is set by feeding in  a controlled amount of heat 

through the anode feed-through. 

enough t o  give a significant difference i n  the thennionic emission of the two 

First ,  we have neglected diffusion. 

Secondly, i n  

Since the temperature of the two 

A t q r a t u r e  difference of about 5OC is 
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electrodes, w h i l e  a t  the same ti- not seriously disturbing the equilibrium 

temperature of the tube  (- 600%). If the thermionic currents available 

from the two electrodes are designated as il and i2, and i f  the amplitude 

of the posit ive half-cycle of the applied square w a v e  is equal i n  magnitude 

t o  that of the negative half-cycle, then the e f fec t  of emission €ran both 

electrodes is t o  replace io by il - i2 i n  Eqs. (5) and ( 6 ) .  

mixtures (NCs/nae C 10 

the frequency of the applied square w a v e .  
v ic in i ty  of the break point may be seen i n  Figure 9, but it is clear that one 

may obtain the break point by extending the linear regions at  high and l a w  
frequency until they intersect.  

re la t ion 7 = 112 f w h e r e  f is the frequency a t  the break point. 

Figure 9 shaws a sample of the data obtained i n  cesium-helium 
-4 
). The average anode current is plotted versus twice 

The rounding off of the curve i n  the 

The d r i f t  time is then obtained from the 

Once the d r i f t  t i m e  is known, the d r i f t  velocity w y  be calculated 

from the relat ion w = d/7 where d is the distance between electrodes and T is 
the d r i f t  time. However, i n  order t o  reduce end effects, the d r i f t  t i m e  was 
measured for  several different  distances, with E/p300 held constant, and the 

d r i f t  velocity w a s  taken from the slope of d versus 7 curves. 

shows sample d versus 7 curves f o r  two values of E/p300. 

l inear  but did not, i n  general, go through the origin. 

Figure 10 

These curves were 



-17- 

C. Pressure Measuresrents 

In evaluating the data it was necessary to know the cesium density, 
Ncs, and the belium density, 
total pressure as -surd by the w l l  indicating manometer. 
tu bliimp density ratio was always smali, r'ne total pressure was equal to the 
helium pressure to a goad approximation. The cesium vapor pressure was calculated 
from the expression found by Taylor and Langmuir 

The helium density was obtained fram the 
Since the cesium 

14 

loglo p = 11.0531 - (4041/T) - 1.35 loglo T ( 8) 

where p is the vapor pressure in Torr and T is the temperature of the cesium 
reservoir in OK. 
representation of the equilibrium cesium vapor pressure a8 a function of 
temperature; recent measureePents by Harino et all5 are in very good agreenrent 
with Eq. (8). 

It is believed that this expression gives an accurate 

The procedure used in obtaining a mixture was to admit helium to the 
desired pressure, set the reservoir temperature to give the desired cesium 
pressure, and close the isolating valve. With the isolating valve closed, 
the cesium vapor pressure in the drift tube at equilibrium corresponds to the 
vapor pressure at the reservoir temperature (i.e., the pressure calculated fram 

Eq. (8))provided the collision mean free path is short compared to the dimensions 
of the connecting tubing, as w a s  the case for all the measurements reported here. 
Previous measurements had shrrwn that the time required for an equilibrium mixture 
to be attained was ~onsiderable.~ 
coefficient measured was characteristic of an equilibrium mixture, it was nxzasured 
as a function of time after closing the isolating valve. 

Iu order to be sure that the transport 

At first thevalue 



-18- 

measured changed with t ime,  but later attained a constant value. 

measurements presented here are the long-the, equilibrium values for the 

transport coefficients. 

The 
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I V .  ResuLTs 

A. Tawasend a Coefficient 

The Tawnsenda coeff ic ient  w a s  measured as a function of E/p300 

i n  cesium-helium mixtures w i t h  several d i f fe ren t  values of NCs/NHe. 
shows the r e su l t s  obtained fora/pgOO ys. E/p300 w i t h  N / = 2.72 x 10 . 
Also shown for comparison i n  Figure 11 is a/p300 f o r  pure helium, taken from 

Chanin and Rork.16 Although the values of a/p300 obtained for t h i s  mixture 

are considerably larger  than the pure helium values, analysis of t h e  data 

(discussed i n  the following section) showed that t h i s  enhancement was due mainly 

t o  the Penning e f f e c t  rather than t o  d i r ec t  e lectron ionizat ion of cesium. 

Figure 11 
-5 

cs %e 

Figure 12 shows the r e s u l t s  of measurements of a/p300 under conditions 

Also shown i n  Figure 12 

where the main ionization mechanism at  l o w  E/p 300 
The density r a t i o  i n  t h i s  case is NCe/Se  P 9.0 x 

are curves which give t h e a  values calculated on the basis of an assumed C s  

exci ta t ion cross section. These calculations are discussed i n  t h e  next section. 

is d i r ec t  ionization of cesium. 

A qua l i ta t ive  explanation of the re su l t s  of these measurements is as 
follows: a t  low density ratios,  electron-cesium col l i s ions  are so infrequent 

t h a t  they have no s igni f icant  e f fec t  ona. 

dis t r ibu t ion  function extends t o  higher energies so that there is  s igni f icant  

exci ta t ion of hel ium.  Metastable helium atoms can then ionize cesium atoms on 
col l i s ion  (Penning ef fec t ) ,  causing a h i g h e r a  than would be the case i n  pure 

helium. 

of cesium by electrons becomes a competing process i n  producing ion pairs, 
Since the cesium ionization threshold (3.89 eV)  is considerably bel- the helium 

exci ta t ion threshold (19.8 eV), t h e  d i r e c t  ionizat ion process w i l l  begin t o  

As E/p is increased the electron 

As the  cesium t o  helium density ratio is increased, d i r e c t  ionizat ion 
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contr ibute  t o  the t o t a l a  a t  a lower E/p than the Penning effect. 

a range of E/p i n  which the contribution of the Penning e f f e c t  t o  the t o t a l a  

is negligible.  

only on t he  cesium exci ta t ion  and ionizat ion cross sections and on the  h e l i u m  

momentum transfer cross section. Since the  helium momentum transfer cross 

section and the  cesium ionizat ion cross sect ion are known, the  measurements 
may be analyzed t o  give the t o t a l  cesium exci ta t ion  cross section. 

of analysis  is discussed i n  Section V. 

There is 

I n  this range of E/p the  Tmsenda coefficient w i l l  depend 

The method 

B. D r i f t  Veloc i ty  

The electron d r i f t  velocity w a s  measured as a function of E/psoo 

or less) the  d r i f t  veloci ty  i n  the mixture a t  l a w  E/p should be the same 
i n  cesium-helium mixtures of low density ratio. If Ncs/NHe is small enough 

as the d r i f t  veloci ty  i n  pure helium. 

only on elastic co l l i s ions  between electrons and gas atoms, so that i f  the 

cesium t o  helium density ra t io  is  low enough, e lectron co l l i s ions  with helium 

a t o m  w i l l  dominate and the d r i f t  veloci ty  w i l l  be the  same as i n  pure helium. 

A t  low E/p the  d r i f t  v e l o c i t y  w i l l  depend 

Figure 13 s h w s  the measured d r i f t  veloci ty  as a function of E/p300 

i n  mixtures with Ncs/NHe < A l s o  shown i n  Figure 13 are curves giving 

the  calculated d r i f t  veloci ty  a t  mixtures of higher density ra t ios .  

calculat ions w i l l  be discussed i n  Section V. 

previously measured d r i f t  v e l o c i t y  i n  pure heliumO1 

r a t i o  measurements serve as a useful check on the apparatus and method of 

measurement, s ince the  pure helium d r i f t  veloci ty  may be considered t o  be 

accurately known. These measurements do not, however, give any information 

These 

The measurements shown i n  Figure 13 are in  good agreement with the 

Thus, these low densi ty  
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on the electron-cesium momentum transfer cross section; measurements at 
higher density ratios are required for such infomation. 
have been =de to obtain drift velocity measurements at density ratios of the 
order of NCs/%= = to loo1. 
of the failure of one or m e  cunponents in the system. 

Several attempts 

These attempts Were not successful because 
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V. ANALYSIS OF DATA 

A. Townsend cy Coefficient 

I n  order t o  obtain the cesium exci ta t ion cross section as a function 

of e lectron energy from the ToMsenda coefficient as a function of E/p, it is 
necessary t o  knw the electron energy dis t r ibut ion function. 

however, one does not know the  shape of the dis t r ibut ion function & p r i o r i ,  since 

t h i s  depends i n  part upon the cross section one i s  attempting t o  find. The 
assumption of a Maxwellian o r  Druyvesteynian shape is not j u s t i f i ed  under the 

conditions of the present measurements. 

an exci ta t ion cross section, with the proper threshold, as a function of energy 

and t o  use t h i s  cross section i n  obtaining a n m r i c a l  solution of the Boltzmann 

equation. Thfs gives the dis t r ibut ion function appropriate t o  the assumed cross 

section, so that the Tawnsenda coefficient can then be calculated as a function 

of E/p. This ca l cu la t eda  coefficient is  then campared t o  the experimental 

values, and the input cross section is adjusted i n  magnitude and shape u n t i l  

the calculated and experimentala coefficients agree. 

a cross section which is consistent with the experimental results.  

cross section obtained i n  this way is  not unique i n  that rapid changes with 

energy i n  the cross section curve w i l l  be a t  least pa r t i a l ly  averaged out 

because of the re la t ive ly  large spread i n  the electron energy distribution. 

used by Frost and Phelps4 and by Engelhardt and Phelps 

outlined here. 
d is t r ibu t ion  function of electrons i n  the gas mixture, which w e  w r i t e  i n  the 

In  general, 

The procedure followed is  t o  assume 

This allows one t o  obtain 

The f i n a l  

The analysis of the data i n  the present work i s  similar t o  that 
5 and w i l l  only be 

The basis of the analysis is the Boltzmann equation f o r  the 
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+ C [(E + f j )  f (E + E . )  Ncs 
3 j 

where E is the electron energy 

1 

(f .) E . )  - E f (E) N Q ( E ) ]  
cs jCs  J 

QJ cs 

(= 1/2 mv 2 , where v is the electron speed), e 

is the electron charge, E the applied electric field, N He 
of helium and cesium, Q He and 0,. the energy-dependent momentum-transfer cross 
sections for helium and cesium, f (E) is the steady state electron energy 
distribution function, m is the electron mass, Eke the mass of a helium atom, 
MCs the -8s of a cesium atom, k is Boltzmann's constant, T is the gas temperature, 
and Q. represents the cross section for the jth inelastic process involving an 
electron energy loss E 

and Ncs the densities 

1 
The distribution function is normalized by 

j' 

JO 

The terma of Eq. (9) may be associated with a gain or loss of energy 
due to one of the processes being considered. 
effect of energy input to the electrons from the applied field, the second term 

The first t e w  represents the 
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energy loss and gain in  e l a s t i c  collisions, the third energy loss in ine las t ic  

col l is ions with cesium, and t h e  fourth term energy loss in  ine las t ic  coll isions 

with helium. Terms involving collisions of the second kind are  not included, 

since they are  not important for  the re la t ively high energies and law excited 

s t a t e  densities considered here. 

was taken from Frost and P h e l ~ s . ~  The mcmentum transfer cross section for  

cesium was taken from Br0del7 a t  high energies (above 0.5 eV) and from Frost 

a t  l o w  energies. Although there is some uncertainty i n  the l o w  energy values 

of Q , this is not important i n  the present analysis,  since the contribution 

of cesium t o  the effective nlomentum transfer cross section for the mixture is 
negligible. 

by Ncs and added t o  a similar product term for helium. 

considered here Ncs is always lese  than 10 

large as  10 Q, i n  the  appropriate energy range, the contribution of cesium t o  

the effective momentum transfer cross section is less  than 1%. 

The helium momentum transfer cross section used i n  the calculations 

18 

cs 

This paay be seen by noting that in Eq. (9) Qcs appears multiplied 

Since for the cases 
-4 %e, and since Q never gets as cs 2 

Four inelast ic  cross sections are used i n  Eq. (9): excitation and 

ionization cross sections for cesium and helium. The cesium ionization cross 

section has a shape based on the laeasuremeats of Tate and Smith" and a magnitude 

of 1.0 x 10-15cm2 a t  the peak of the cross section. 

value chosen is a compromise between the peak values reported by Brink 

(1.12 x 10'15cm2) and by McFarland and K i n n e ~ ~ ~  (0.94 x 10-15cm2). The helium 

excitation cross section is based on the measurements of Haier-Leibnitz,22 and 

the helium ionization cross section is taken f ran  Smith . The cesium excitation 

cross section is the one unknown cross section which enters in to  Eq. (9). 
therefore possible t o  obtain by numerical methods a curve of this cross section 

The magnitude of the peak 
20 

23 

It is 
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versus energy which is consistent with the experimental measurements ofcf 
and with the other known cros8 sections. 

Eq. (9) is solved numerically to obtain the electron energy 
distribution function, f (e), using a trial cesium excitation cross section with 
cerrect tkresheld. Then, using this distribution function, the Townsenda 

coefficient is calculated from the relation 

where Q. (E) is the cesium ionization cross section, N is the total gas density, 
and w is the electron drift velocity, given by 

1 

(12) - df dE " = - - -  E 
2 ['%e QHe + NCs Q Cs I de 

0 

where the Q's in Eq. (12) refer to momentum transfer cross sections. 
values of a calculated fran Eq. (11) are then campared with the measured 
values, and the magnitude and shape of the assMled cesium excitation cross 
section are varied until good agreement is obtained between the calculated 
and measured values. 
explicitly in Eq. (ll), a depends quite strongly on the cesium excitation 
cross section, because of the dependence of the distribution function on the 
excitation cross section. In the present case, the calculated values o f a  

are more sensitive to changes in the cesium excitation cross section than 
to changes in the ionization cross section. 

The 

Although only the cesium ionization cross section appears 

The cesium excitation cross section which gives beat agreement 
between the calculated and naeasureda is shown in Figure 14. The peak magnitude 
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is  1.15 x 10-14cm2 a t  8 eV.  The i n i t i a l  slope 

energies less than 2 e V  is in good agreement w 

of the  cross sect ion f o r  

t h  the previously determined va - 
of 7.1 x 1 0 ” 5 c m ~ e V 7 .  A comparison of the values of a l p  calculated using 300 
t h i s  cross 

9.0 IO+ 

sect ion with the measured values is shown i n  Figure 12 f o r  N / CS Eke = 
For e/p3,, < 2.5 vol ts  the Penning effect crlzltribrrtioa is 

--Torr 
negl igible  and a l l  of the  ionization is  produced by the d i r ec t  process. The 

1 ue 

calculat ion of the contribution due t o  the Penning e f f ec t  shown i n  Figure 12 
f o r  the higher values of E/p300 i s  based on the assumption that a l l  of the  

helium metastables formed are destroyed i n  Penning e f f e c t  co l l i s ion  with 

cesium. That  is, w e  have the  two s tep  process 

* 
e + H e + e  + He 
H e  + C s + H e  + Cs + e * + 

and it is assumed that no other mechanism contributes s ign i f icant ly  t o  the 

destruction of helimnnetastables.  The fact that the sum of the Penning e f f ec t  

ionizat ion calculated on this basis and the d i rec t  cesium ionization is i n  good 

agreement with the  experimental r e su l t s  i n  the  higher E/p range lends support 

t o  t h i s  assumption. 

Examples of calculated d is t r ibu t ion  functions are shown i n  Figure 15 

f o r  two values of E/p300. 

with a peak energy corresponding t o  that of the  calculated d is t r ibu t ion  function 

a t  E/p300 = 3.0 volts/cm-Torr. 

function f a l l s  off more rapidly with energy than a Maxwellian. 

Also s h m  fo r  comparison is a Maxwellian d is t r ibu t ion  

It w i l l  be seen that the actual  d i s t r ibu t ion  

The s e n s i t i v i t y  of the ca l cu la t eda  t o  the assumed Cs excitation 
cross sect ion is  qui te  good, as i l l u s t r a t e d  i n  Figure 16. 

curve is t h e a  calculated using the best exc i ta t ion  cross section (i.e, the 

curve i n  Figure 14) w h i l e  the  dotted curve shows the r e su l t s  of a calculat ion 

Here the so l id  
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using one of the earlier trial cross sections which w a s  only 20% smaller than 

the final value (the peak magnitude for  this cross section was 0.95 x 10 
cm , and theshape w a s  very nearly the same as the f i n a l  shape) . 
dotted curve is clear ly  i n  disagr-nt with the measurements, w e  may conclude 

that the best cross section a y  be obtained with a sens i t iv i ty  of better than 

20%. 

accuracy is  believed t o  be within? 10%. 
i n  the present value for  the cesium excitation cross section l ies i n  the 

uncertainty associated with the magnitude taken for  the cesium ionization 

cross section. 

t o  be considering the agreement between Brink and McFarland and Kinney, then 

the present value f o r  the cesium excitation cross section should a l so  be correct 

t o  within 20%. Scott and Ileilz4 have recently reported a new measurement of 
the cesium ionization cross section, which at  high energies d i f fe rs  considerably 

from tha t  used in the present a n a l y s i s  (e.g. it is about 35% smaller at 50 eV). 

However, i n  the energy range below 10 ell, which is the important range i n  the 

present analysis, the Scott and Heil cross section is  within 20% of that used 

i n  the present analysis; the i n i t i a l  skopes di f fe r  by only 12%. 

It has been previously mentioned t h a t  the present method of obtaining 

- 14 

Since the 2 

The exper-ntal values were reproducible t o  2 5X, and the i r  absolute 

Perhaps the greatest  uncertainty 

If  this cross section is correct t o  within 20%, as it appears 

cross sections is  not sensit ive t o  rapid changes of the cross section with 

energy. 
w i l l  not be observed using an electron swarm technique such as that used here. 

It is  therefore possible that the cross section curve shown i n  Figure 14 

represents a smoothed-out average of the  true cross section, i f  the t rue cross 

section contains some rapid energy variations. 

Thus, any sharp resonances which may be present i n  the cross section 
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B. Drift Velocity 

The analysis of the drift velocity data is similar to that described 
The main difference is that, since above for the Tawnsenda coefficient data. 

the drift velocity measurements are made at low values of E/p, most of the 
analysis may be carried out without using any inelastic cross sections. 
E/p law enough so that the effect of inelastic collisions may be neglected,‘ 
the last two terms of Eq. (9) may be dropped. 
depends only on the helium momentum transfer cross section, Q 
momentum transfer cross section, Q 
distribution function has been obtained, the drift velocity is calculated from 
Eq. (12). 

For 

The distribution function then 

He’ the cesium 
and the density ratio, Ncs/NHe. When the Cs’ 

The drift velocity has been calculated as a function of E/p for 
mixtures of various fractional cesium concentrations, using the helium momentum 
transfer cross section shown in Pig. 17 and the cesium mamentum transfer cross 
section shown in Fig. 18. The results of these calculations are shown in Fig. 13. 
The fractional cesium concentration, f cs’ 
curves in Fig. 13, is the ratio of the cesium density to the total density of 
the mixtures; i.e. f cs = Ncs/(%e + Ncs). 
cesium concentration is equivalent to the density ratio, NCs/NHe. 

seen from Fig. 13 that for fCs = 1.0 x 10 
the mixture is smaller than that in pure helium by roughly a factor of two. 

the fractional cesium concentration is increased above 10 
in the mixture decreases and the departure from the pure helium drift velocity 
becomes more pronounced. 

which is used as a parameter for the 

For law density ratios the fractional 
It will be 

, the calculated drift velocity in -2 

As 

, the drift velocity -2 

The helium momentum transfer cross section shown in Figure 17 may 
be considered to be accurately determined, since the drift velocity calculated 
using this cross section is in good agreement with previous drift velocity 
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measurements i n  pure helium’ and with the present measurements i n  cesium-helium 

mixtures of l o w  density ra t io .  

i n  Figure 18 should not be considered t o  be accurately determined; rather it 

should be considered as a reasonable f i r s t  guess a t  the cross section. 

clear from Figure 13 that  a d r i f t  ve loc i ty  measurement in a mixture with density 

r a t i o  i n  the range (1 t o  5 )  x 

of the cesium momentum transfer cross section Shawn i n  Figure 18. 

measurement has not yet been made, but i t  does appear t o  be feasible. 

The cesium momentum transfer cross section shown 

It is 

would furnish a good test of t h e  r e l i a b i l i t y  

Such a 
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VI. DISCUSSION 

The total cesium excitation cross section obtained in the present 
work was determined by cansidering the effect on the electron energy distribution 
function of the energy loss aasociated with excitation collisions. 
section may be canpared with the cross section for excitation to particular levels 
as determined by optical techniques. 
excitation to the 6P resonance levels is expected to be large in comparison to 
that for excitation to higher states , the total excitation cross section as 
found in the present work should be in reasonably good agreenumt with the cross 
section for resonance excitation. 
determination of the excitation function for one of the resonance lines of cesium. 
Although no absolute values are given in this work, the shape of the excitation 
function is roughly the same as the shape of the total cross section found in 

the present study. 
absolute value for the cross section for 6P resonance excitation in cesium. 
Figure 19 shows a camparison of this cross section with the total cross section 
as found in the present work. 
resonance excitation is somewhat smaller than the total cross section, as expected, 
but the fact that the two curves agree as well as they do lends support to the 

This cross ’ 

Since in cesium the cross section for 

7 

Zapesochnyi and S h i m ~ n ~ ~  have reported a 

Wre recently, Zapesochnyi and Shimon26 have reported an 

It will be seen that the cross section for 

idea that the cross section for excitation to states other than the resonance 
states is small canpared to the resonance excitation cross section. It will also 

be seen from Figure 19 that the Zapesochnyi and Shimon curve shows some structure 
in the rising part of the cross section. 
cross section cannot be detected by a swam technique such as that used in the 
present work, because of the relatively poor energy resolution. Calculations 
were made using a cross section with structure similar to that in the Zapesochnyi 

The presence of such structure in the 
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and Shimon curve. 

coefficient data if an appropriate magnitude w a s  chosen. 

Townsenda coefficient w a s  s l igh t ly  different from that obtained with the smooth 

curve at  some values of E/p, but the differences were less than the experimental 

uncertainty. 
be fit  using the Zapesochnyi and Shimon curve shown i n  Figure 19, but t h i s  is  

because the magnitude of this cross section is too small and not because of the 

structure in  the curve. 

of the presently determined excitation cross section is  i n  good agreement with 

the previously determined value of 7.1 x 10'15cm2/eV. 

i n  cesium have been reported by H a n ~ e n ~ ~ ,  Witting20, and by Vainshtein, et al. 

Although the present experiment measures the to t a l  excitation cross section 

rather than only 6s-6P excitation, a comparison of the present resul ts  with 

these calculations is maningful since, as has been pointed out, the cross 

section f o r  excitation t o  states higher  than the 6P states i s  expected t o  be 

small. The fac t  that the calculations‘ 
of Hansen and of Witting are within 20% of the measured value is consistent with 

the idea that 6s-6P resonance excitation accounts for  most of the t o t a l  excitation 

cross section. 

It w a s  found that i t  w a s  possible t o  f i t  thc Townsenda 

The calculated 

It should be pointed out that the Tcrwnsenda coefficient d a t a  cannot 

It should also be pointed out that the i n i t i a l  slope 

7 

. Theoretical calculations of the cross section fo r  6s-6P excitation 
29 

Such a comparison is shown in  Figure 20. 

The cesium excitation cross section presented here w a s  obtained from 

measurements i n  cesium-helium mixtures with low cesium partial pressure. 

has been pointed out, the corrosive effects  of cesium on the s y s t e m  are reduced 

i n  such a mixture, making the ueasuremmts possible. 

electron d r i f t  velocity i n  mixtures of various density r a t i o  shown i n  Figure 13 

indicate that the d r i f t  velocity i s  substantially changed from that character is t ic  
of pure helium fo r  mixtures with a cesium t o  helium density i n  the range of 1 t o  

As 

The calculations of the 
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10 percent. 

than a t  lower density ratios, but less so than i n  pure cesium vapor, so that i t  

appears feasible  that the cesium momentum transfer cross section may be obtained 

from measurements in cesium-helium mixtures with less than 10 percent cesium. 
It should !x q h a s i z e d  that the drif t  velocity calculations shavn i n  Figure 13 

may not be accurate, since i t  has not yet been possible t o  check these calculations 
with d r i f t  velocity measurements at  density ra t ios  above Ncs/%e = 1.0 x 10 

Hawever, i t  is clear that i f  d r i f t  velocity measurements are obtained i n  mixtures 

i n  t h i s  range of density ratios, they may be analyzed t o  give the cesium momentum 

transfer cross section. 

The corrosive effects  of cesium i n  such mixtures is more pronounced 

-2 . 
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Figure 2 Photograph of apparatus with main oven in place 

RM 34987 



Figure 3 Photograph of apparatus with =in oven removed. The 
drsf t  tube is contained i n  the cylindrical s ta in less  
steel vacuum jacket in the right of the picture. 

RM 34985 
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Figure 4 D r i f t  tube with vacuum jacket removed. 
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Figure 5 Detail  of electrode region of d r i f t  tube, showing s p l i t  
structure of electrode. Currents are measured to the 
central disc; the outer guard ring is used t o  maintain 
uniformity of the applied electric f i e l d  i n  the central 
region. 

RM 34117 
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Figure 6 Block diagram of circuitry used i n  dr i f t  velocity measurements 
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Figure 7 Sample curves of In (I/Io) versus electrode Spacing 
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Figure 8 Schematic representation of drift  velocity measurement, 
shaving idealized current versus frequency curve. 
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Figure 9 Sample curve of average anode current versua twice 
the square wave frequency. The rounding off of the curve 
in the vicinity of the break point is caused by diffusion 
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Figure 10 Sample curves of dr i f t  time versus drift  distance for two 
values of E/p300. 
slope of such curves. 

The drift  velocity is obtained from the 
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Figure 11 a /p300  versus E/p300 for N /”e E 2.72 x 

taken fron the work of C€~nZ!!~and Rork (r2ference 16) 

Also 
for comparison is a/s” versus ~ / p  for pure helium, 
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Figure 13 Electron drift  velocity versus E/p for cerium-helium mixtures M pointr are measured values of variaur concentration ratios. 
for N -10-4. Thc curves are calculated using the cram 
s e c t i a  s i n  Figures 17 and 18. f is the fractional 
concentration of c e s i q  i.e. fCs 1 ~ ~ ~ y f % ~  + N ~ ~ ) .  
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Figure 15 Electron energy distribution functions for two values of 
A l s o  shown for capparison i r  a Haxwellian distribution E/P3?9* func an (d otted curve) with a peak energy equal to that of the 

calculated distribution function a t  E/p3w = 3.0 Volts/--Torr. 
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Figure 16 Comparison of a/p  calculated using two different  asslnned 
cross sections wi&!'-sured values. 
on the cross section Shawn i n  Figure 14, w h i l e  the dashed curve 
is based on a cross section with similar shape but some 2oX 
smaller in magnitude. 
t o  experiment, indicating the s e n s i t i v i t y  with which the cross 
section may be determined, 

The so l id  curve is based 

The dashed curve is c lear ly  not a good f i t  
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